FLAT CAPACITOR HAVING STAKED FOILS AND EDGE-CONNECTED 

CONNECTION MEMBERS 

Cross-Reference to Related Applications 

5 This application is a divisional of U.S. Patent Application No, 09/706,518, 

filed on November 3, 2000, the specification of which is incorporated herein by 
reference. 

This application is related to Application Serial Number 09/706,447, filed on 
November 3, 2000, entitled FLAT CAPACITOR FOR AN IMPLANTABLE 
10 MEDICAL DEVICE, which is incorporated herein by reference in its entirety. 

Field of the Invention 

The present invention concerns implantable medical devices, such as 
defibrillators and cardioverters, particularly structures and methods for capacitors in 

15 such devices. 

Background 

Since the early 1980s, thousands of patients prone to irregular and sometimes 
life-threatening heart rhythms have had miniature heart monitors, particularly 
defibrillators and cardioverters, implanted in their bodies. These devices detect onset 
20 of abnormal heart rhythms and automatically apply corrective electrical therapy, 
specifically one or more bursts of electric current, to hearts. When the bursts of 
electric current are properly sized and timed, they restore normal heart function 
without human intervention, sparing patients considerable discomfort and often saving 
their lives. 

25 The defibrillator or cardioverter includes a set of electrical leads, which extend 

from a sealed housing into the walls of a heart after implantation. Within the housing 
are a battery for supplying power, monitoring circuitry for detecting abnormal heart 
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rhythms, and a capacitor for dehvering bursts of electric current through the leads to 
the heart. 

The capacitor can take the form of a flat aluminum electrolytic capacitor. Flat 
capacitors include a stack of flat capacitor elements, with each element including one 
5 or more separators between two sheets of aluminum foil. One of the aluminum foils 
serves as a cathode (negative) foil, and the other serves as an anode (positive) foil. 
Sometimes, two or more foils are stacked one on the other and connected to form a 
multi-anode stack. The capacitor elements each have an individual capacitance (or 
energy-storage capacity) proportional to the surface area of the aluminum foil. 

10 Sometimes, each anode foil is etched to increase its surface area and thus to increase 
the capacitance of its capacitor element. 

The anode foils and the cathode foils of the capacitor elements are connected 
together to provide a total capacitance. A connection member such as an aluminum tab 
is laid across the surface of an anode or cathode foil and then joined to the foil by a 

15 method, such as cold welding or swaging, which results in one or more weld joints. 
After a connection member has been attached to each anode or cathode foil in the 
capacitor, the respective connection members are crimped or welded together and 
attached to feedthrough terminals for connection to circuitry outside the capacitor. 
The inventors have identified many problems regarding present connection 

20 member-to-foil connections, connection member-to-connection member connections, 
and foil-to foil connections that increase the size of the capacitor and decrease its 
reliability. 

For instance, one drawback to present connection member-to-foil joining 
techniques is that they limit the amount of etching that can be done to the anode foil. 
25 This is because etching the anode foil to increase its capacitive surface area makes the 
foil brittle and prone to cracking under the strain of present welding techniques. To 
make up for the lost etching, manufacturers need to use additional capacitor elements 
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or larger foils, both of which increase capacitor size. Thus, present connection 
member-to-foil joining techniques result in larger than desirable capacitors. 

Another drawback is that present connection member-to-foil joining techniques 
require a relatively large weld, and thus a relatively large aluminum connection 
5 member (which is governed by the size of the weld). Large coimection members can 
be a problem since placing an aluminum connection member within each anode stack 
causes a bulge in the anode stack which increase the capacitor volume. Some 
manufacturers reduce the bulge by cutting a notch into one of the anodes of the stack 
so that the aluminum connection member fits within the notch and does not bulge the 

10 stack. Unfortunately, having a large coimection member requires a large notch, which 
decreases the surface area of the anode and leads manufacturers to increase capacitor 
size to make up the loss. 

One problem with present coimection member-to-connection member 
connections is that they also undesirably increase capacitor size. Presently, each 

15 connection member must be long enough to be crimped to the other connection 

members, and the extra length or slack required to bring them all together increases 
capacitor size since the capacitor case must be made larger to accommodate the 
crimped connection members. Moreover, crimping the connection members. together 
stresses the connection member-to-foil connections and it does not result in connection 

20 member-to-connection member connection which is electrically reliable. Also, 

crimping the connection members together results in an irregular surface on which to 
attach a feedthrough terminal. Thus the performance and reliability of the capacitor 
suffers. 

One drawback with present foil-to-foil connections is that present connection 
25 techniques usually limit the amount of etching that can be done to the anode foils since 
etching the foil makes the foil brittle and prone to cracking under the strain of staking 
or cold-welding. Moreover, present connection techniques also limit the types and 
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varieties of foils that can be used in a multi-anode stack. For instance, core-etched 
foils are easier to stake than tunnel-etched foils because of the extra material provided 
in the solid core. 

Another drawback is that anode foils used in implantable medical devices are 
5 only able to charge to about 400 volts without breaking down. To reach needed 
voltage ranges of 600 volts or higher, as used for an implantable defibrillator, for 
example, two capacitors must be connected in series to deliver the shock pulse. This 
also increases the overall size of the implantable device. 

10 Summary 

To address these and other needs, the inventors devised foil structures, foil-to- 
foil assembly methods, connection member-to-foil assembly methods, and connection 
member-to-connection member assembly methods and other connection structures and 
capacitor structures. In one embodiment, a method includes joining a connection 

15 member to a capacitor foil using a staking tool having a tip of less than or equal to 
approximately 0.030" (0.762 mm) in diameter. A capacitor made using the technique 
includes an anode having a connection member attached to it by a micro-stake weld 
joint. Among other advantages, the present connection member-to-foil joining method 
results in a smaller than typical weld joint which permits increased anode brittleness 

20 and smaller foil notches. Thus, with all other capacitor factors being equal, it results 
in a smaller volume capacitor. 

Another aspect couples multiple connection members of a capacitor together 
by edge-connecting each connection member to its neighboring connection member or 
connection members so that the connection members need not be crimped together. 

25 Another aspect includes a capacitor having one or more anodes having connection 
members attached to their surfaces. Each connection member has a front surface 
substantially flush with the front surface of adjacent connection members. Among 
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other advantages, these features provide a capacitor which requires less space for its 
anode connection members and which has a more reUable connection member-to- 
connection member connection and reduced stress on the connection member-to-foil 
connection. 

5 One aspect provides a method of foil-to-foil connecting which includes joining 

one or more foils using a staking tool having a tip of less than approximately 0.060" 
(1.524 mm). In other embodiments, the tip ranges from approximately 0.015" (0.381 
mm) to approximately 0.060" (1.524 mm). In one embodiment, the tip is 
approximately equal to 0.025" (0.635 mm) in diameter. Among other advantages, the 

10 exemplary foil-to-foil joining method permits increased anode brittleness and allows 
for different permutations of anode foils. 

One aspect provides a capacitor which includes a capacitor case having an 
electrolyte therein and a high formation voltage anode foil having a porous structure 
and located within the capacitor case. Among other advantages, the exemplary 

1 5 capacitor provides the high voltages needed for applications such as defibrillation, 
while the porous foil structure provides for a more space efficient structure. 

Another aspect of the present invention includes various implantable medical 
devices, such as pacemakers, defibrillators, and cardioverters, incorporating one or 
more capacitors having one or more of the novel features described above. 

20 

Brief Description of the Drawing s 

FIG. 1 is an isometric view of a flat capacitor according to one embodiment of the 
present invention. 

FIG. 2 is an exploded isometric view of portions of the capacitor of FIG. 1. 
25 FIG. 3 is a top view of a connection member-to-foil connection and a foil-to-foil 
connection according to one or more embodiments of the present invention. 
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FIG. 4 is a side view of a staking machine having a staking tool for performing staking 
according to one embodiment of the present invention. 
FIG. 5 is an isometric view of the staking tool of FIG. 4. 
FIG. 6 is a enlarged side view of the staking tool of FIG. 5. 
5 FIG. 7 is an enlarged side view of the staking machine of FIG. 4. 

FIG. 8 is a flowchart depicting a method for performing connection member-to-foil 
staking according to one embodiment of the present invention. 
FIG. 9 A is a cross-sectional side view of portions of the capacitor stack of FIG. 3. 
FIG. 9B is a cross-sectional side view of portions of the capacitor stack of FIG. 3. 
10 FIG. 10 is an isometric view of a staking tool for performing foil-to-foil staking 
according to one embodiment of the present invention. 

FIG. 1 1 is a flowchart of a method for performing foil-to-foil staking according to one 
embodiment of the present invention. 

FIG. 12 is a cross-sectional isometric view of a capacitor having edge-connected 
1 5 connection members according to one embodiment of the present invention. 

FIG. 13 is a cross-sectional isometric view of a capacitor having edge-connected 

connection members according to another embodiment of the present invention. 

FIG. 14 is a cross-sectional isometric view of a capacitor having edge-connected 

connection members according to another embodiment of the present invention. 
20 FIG. 15 is a cross-sectional isometric view of a capacitor having edge-connected 

connection members according to another embodiment of the present invention. 

FIG. 16 is an perspective view of an anode foil according to one embodiment of the 

present invention. 

FIG. 17 is a flowchart depicting a method of preparing an anode foil according to one 
25 embodiment of the present invention. 

FIG. 18 is a block diagram of a generic implantable medical device including a 
capacitor according to one embodiment of the present invention. 
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Detailed Description 

The following detailed description, which references and incorporates the 
figures, describes and illustrates one or more specific embodiments of the invention. 
These embodiments, offered not to limit but only to exemplify and teach the invention, 
5 are shown and described in sufficient detail to enable those skilled in the art to practice 
the invention. Thus, where appropriate to avoid obscuring the invention, the 
description may omit certain information known to those of skill in the art. 

Figure 1 shows a flat capacitor 100 according to one embodiment of the 
present invention. Although capacitor 100 is a D-shaped capacitor, in other 
10 embodiments, the capacitor is any desirable shape, including, but not limited to 
rectangular, circular, oval, square, or other symmetrical or asymmetrical shape. 
Capacitor 100 includes a case 101 which contains a capacitor stack 102. In one 
embodiment, case 101 is manufactured fi-om a conductive material, such as aluminum. 
In other embodiments, the case is manufactured using a nonconductive material, such 
15 as a ceramic or a plastic. 

Capacitor 100 includes a first terminal 103 and a second terminal 104 for 
connecting capacitor stack 102 to an outside electrical component, such as implantable 
medical device circuitry. In one embodiment, terminal 103 is a feedthrough terminal 
insulated firom case 101, while terminal 104 is directly connected to case 101. 
20 Ahematively, the capacitor incorporates other connection methods. For instance, in 
some embodiments, capacitor 100 includes two feedthrough terminals. 

In the present embodiment, capacitor stack 102 includes capacitor modules or 
elements 105a, 105b, 105c, . . 105n. 

Figure 2 shows details of one example of capacitor element 105a, which is 
25 representative of capacitor elements 105b-105n. Element 105a includes a cathode 
201, a separator 202, and an anode stack 203. In other embodiments, other numbers 
and arrangements of anodes, cathodes, and separators are utilized. 
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Cathode 201 is a foil attached to other cathodes of capacitor stack 102 and to 
terminal 104. In some embodiments, cathode 201 can include aluminum, tantalum, 
hafnium, niobium, titanium, zirconium, and combinations of these metals. In one 
embodiment, cathode 201 is constructed by taking an aluminum (98% purity or higher) 
5 base metal and coating it with titanium oxide, titanium nitride, or titanium pentoxide 
using sputtering, plating, vacuum deposition, or other coating techniques. In some 
embodiments, titanium itself is used with a subsequent processing step used to oxidize 
the titanium resulting in TiO, Ti02, TiN, AI2O5, or other high dielectric constant oxide. 
The resulting titanium-coated cathode material has a higher capacitance per 

10 unit area than traditional aluminum electrolytic capacitor cathodes. Traditional 

cathodes which are 98% aluminum purity or higher generally have capacitance per unit 
area of approximately 250 uF/cm^ for 30 micron thick foil, with an oxide breakdown 
voltage in the 1-3 volt range. However, a cathode as described above results in a 
capacitance per unit area which, in some embodiments, is as high as 1000 uF/cm^ or 

1 5 more. 

Advantageously, this provides a single cathode which services several layers of 
anodic foil without exceeding the oxide breakdown voltage. When using a traditional 
cathode to service several layers (2 or more) of anodic foil, the cathode voltage may 
rise as high as 5 or more volts, which is usually greater than the breakdown voltage. 

20 When this occurs, the aluminum cathode begins to form oxide by a hydration process 
which extracts oxygen from the water present in the electrolyte. The reaction produces 
hydrogen as a byproduct which in turn has the effect of creating an internal pressure 
within the capacitor causing an undesirable mechanical bulge. Therefore, the 
titanium-coated cathode described above serves as a corrective mechanism to 

25 hydrogen generation. 

Separator 202 is located between each anode stack 203 and cathode 201 . In 
one embodiment, separator 202 consists of two sheets of kraft paper impregnated with 
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an electrolyte. In some embodiments, separator 202 includes a single sheet or three or 
more sheets. 

The electrolyte can be any suitable electrolyte for an electrolytic capacitor, such 
as an ethylene-glycol base combined with polyphosphates, ammonium pentaborate, 
5 and/or an adipic acid solute, hi one embodiment, the electrolyte includes 

butyrolactone and ethylene glycol, such as B 103 AD electrolyte manufactured by 
Boundary Technologies, Inc. of Northbrook, IL 60065 USA. In one embodiment, the 
electrolyte is an electrolyte such as is described in U.S. Patent 5,507,966 to Liu 
entitled ELECTROLYTE FOR AN ELECTROLYTIC CAPACITOR. 

10 In one embodiment, each anode stack 203 is a multi-anode stack including 

three anode foils 203a, 203b, and 203c. In other embodiments, anode stack 203 
includes one, two, three or more anode foils having a variety of anode shapes. Each 
anode foil has a major surface 206 and an edge face 207 generally perpendicular to 
major surface 206. Anodes 203a, 203b, and 203c are generally foil structures and can 

15 include aluminum, tantalum, hafnium, niobium, titanium, zirconium, and 
combinations of these metals. 

In one embodiment, anode foils 203a-203c are high formation voltage anode 
foils, which will be discussed below. In other embodiments, the anode foils are 
medium and/or low formation voltage foils. In one embodiment, the major surface of 

20 each anode foil 203a-203c is roughened or etched to increase its microscopic surface 
area. This increases the microscopic surface area of the foil with no increase in 
volume. Other embodiments use tunnel-etched, core-etched, and/or perforated-core- 
etched foil structures, such as those shown in U.S. Patent Application 09/165779 (Atty 
Docket No. 279.066usl) entitled HIGH-ENERGY CAPACITORS FOR 

25 IMPLANTABLE DEFIBRILLATORS, which is incorporated herein by reference in its 
entirety. Other embodiments utilize other foil compositions and classes of foil 
compositions. 
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Attachable to anode stack 203 at major surface 206 of anode 203b is a foil 
connection structure such as a tab or connection member 204, made from aluminum, 
which electrically connects each anode foil to the other anodes of the capacitor. For 
instance, in the present embodiment, each tab or connection member 204 of each 
5 capacitor element 105a, . . ., 105n is connected to each other connection member 204 
and coupled to terminal 103 for electrically coupling the anode to a component or 
electronic assembly outside the case. In one embodiment, each anode 203a includes a 
notch 205 which is slightly larger than the width of connection member 204. 
Connection member 204 fits within notch 205, and this prevents connection member 

10 204 from causing a bulge in anode stack 203. However, other embodiments omit the 
notch to avoid reducing the surface area of anode 203a. hi other embodiments, 
connection member 204 is omitted and an integrally connected tab connection member 
is utilized for one or more anode foils. 

Figure 3 shows a top view of capacitor element 105a. hi one embodiment, 

15 each anode foil 203a-203c of multi-anode stack 203 is interconnected to the other foils 
203a-203c of multi-anode stack 203 at a stake weld joint 302a, which will be 
discussed in more detail below. 

hi one embodiment, connection member 204 is attached to major surface 206 
of anode 203b. Member 204 is attached to anode 203b by a method the inventors call 

20 micro-staking. Micro-staking is a cold welding or staking process which uses a small 
staking point, hi one embodiment, each micro-stake joint 301a and 301b is 
approximately 0.015" (0.381 mm) in diameter, hi other embodiments, micro-stake 
joints 301a and 301b are less than or equal to approximately 0.030" (0.762 mm) in 
diameter. In some embodiments, joints 301a and 301b can range from approximately 

25 0.005" (0.127 mm) to approximately 0.030" (0.762 mm). In some embodiments, 
joints 301a and 301b can range from approximately 0.010" (0.254 mm) to 
approximately 0.020" (0.508 mm). 
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The small size of joints 301a and 301b allows one to use smaller connection 
members 204 and to place them closer to an edge 303 of anode 203b than typical 
capacitors. For instance, in one embodiment, joints 301a and 301b are approximately 
0.120" (3.048 mm) from edge 303, and joint 301a is approximately 0.100" (2.54 mm) 
5 away from the top edge of foil 206. This in turn allows notch 205 to be smaller than in 
typical capacitors. For instance, in one embodiment, notch 205 is approximately 
0.200" by 0.200" (5.08 mm by 5.08 mm). A smaller notch allows more surface area 
for anode 203a and thus more capacitance per unit volume. The small size of joints 
301a and 301b also allows use of a more highly etched, and hence more brittle, foil 
1 0 since making the small weld joint is less likely to crack the brittle foil than large weld 
joints. 

In one embodiment, member 204 is attached to anode 203b at two micro-stake 
joints, 301 a and 301b. Some embodiments only have a single micro-stake joint 301 
and others have three or more micro-stake joints. However, the two welds of this 
1 5 embodiment allow for a redundant weld in case either of the welds fail. In other 

embodiments, tab 204 is attached by other techniques, such as laser welding or 
soldering. In one embodiment, tab 204 is attached only to a single anode foil, anode 
203b. 

Figure 4 shows a staking machine 400 for making micro-stake joints 301a and 
20 301b according to one embodiment. Machine 400 includes a hardened, planar, anvil 
surface 402 and a handle 403. A micro-staking tool 401 is shown installed in machine 
400. In one embodiment, machine 400 is a hand-operated press manufactured by 
Gechter Co. of Germany. Alternatively, by way of example, but not limitation, other 
cold-welding machines, pneumatic presses, electronic solenoid, electro-punch, air over 
25 hydraulic, or hydraulic presses can be used to perform the micro-staking process. 

Tool 401 is held within a tool holder or collet 404 which is operatively coupled 
to handle 403. Pulling handle 403 moves collet 404 and tool 401 towards surface 402. 
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Alternatively, as noted above, pneumatic pressure, an electric driver, hydraulic, 
solenoid, or other actuation means can be used to activate tool 401. 

Figures 5 and 6 show details of micro-staking tool 401 for performing 
connection member-to-foil staking according to one embodiment of the present 
5 invention. Tool 401 is machined from a stainless steel or a tool steeL Tool 401 
includes a first end 502 for mounting to collet 404 and a second end 504 for making 
the micro-staked joints. End 504 includes a first staking pin 505 and a second staking 
pin 506. In one embodiment, pins 505 and 506 are approximately 0.040" (1.016 mm) 
apart. In some embodiments, a single pin 505 is used for making a single weld joint. 

10 In one embodiment, each pin 505 and 506 has a generally frusto-conical shape 

rising at an angle a of approximately 30°. Each pin has a circular cross-section having 
a diameter of approximately 0.028" (0.71 12 mm) at its base 601 and a diameter of 
approximately 0.015" (0.381 mm) at its tip 602. Ahematively, tip 602 can range in 
diameter from approximately 0.005" (0.127 mm) to approximately 0.030" (0.762 mm); 

15 some embodiments range from approximately 0.010" (0.254 mm) to approximately 
0.030" (0.762 mm); other embodiments range from equal to or greater than 
approximately 0.030" (0.762 mm) in diameter. In other embodiments, tip 602 is less 
than or equal to approximately 0.030" (0,762 mm) in diameter. In some embodiments, 
tip 602 ranges from approximately 0.010" (0.254 mm) to approximately 0.020" (0.508 

20 mm). By way of example, the pin can have an oval, diamond, elliptical, rectangular, 
square, or other shaped cross-section. In one embodiment, the tip of each pin 505 and 
506 is flat. However, in other embodiments, the tips are domed, concave, convex, 
rounded, or indented and may include a plurality of angles. 

Figure 7 shows a close-up view of one embodiment of tool 401 being used to 

25 micro-stake connection member 204 to anode 203b. In one embodiment, connection 
member 204 rests against hardened surface 402 and anode 203b lies between 
connection member 204 and tool 401. Such an arrangement (wherein the connection 
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member rests against the hardened surface and the anode foil is above it) of connection 
members and foils decreases the likelihood of cracking the brittle foil of anode 203b 
during micro-staking. 

In one embodiment, the hand-operated staking machine is set so that there is a 
5 distance 401t of approximately 0.001" (0.0254 mm) between anvil surface 402 and 
tool 401 when the tool is in its lowest or terminal position 401'. To micro-stake 
connection member 204 to anode 203b, tool 401 is driven first into anode 203b, which 
is compressed into connection member 204. In one embodiment, tool 401 is driven to 
a displacement of 0.001 " (0.0254 mm) when micro-staking. In other embodiments, 
10 where air, hydraulic, or solenoid force is used, tool 401 is driven under a force in the 
range of 100 to 1000 pounds until the tool bottoms out. In those embodiments, there is 
no set clearance. 

Figure 8 shows a flowchart of one example of a method 600 of joining a 
connection member and a foil together. Method 600 includes process blocks 610-630. 

15 Block 610 entails setting a staking tool; block 620 entails stacking the connection 
member and the foil; and block 630 entails forcing the foil and connection member 
together. In one embodiment, a staking machine such as machine 400 having 
hardened surface 402, and a staking tool such as tool 401 having at least one staking 
pin 505, are used to perform the method. 

20 Block 610 includes setting staking pin 505 so that there is an approximately 

0,001" (0.0254 mm) clearance or displacement between anvil surface 402 and pin 505 
when the tool is in its lowest or terminal position. Typically this is done when 
machine 400 is a hand-operated press. 

In some embodiments, block 610 is omitted. For instance, as noted above, 

25 pneumatic, hydraulic, air over hydraulic, electric solenoid, electric driver, or other 
actuation means can be used to activate tool 401. In these embodiments, tool 401 is 
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set to be driven under a force of approximately 100 pounds to 1000 pounds until it 
bottoms out or until a pre-determined displacement is reached. 

Block 620 includes placing a connection member, for instance connection 
member 204, on hardened surface 402 and stacking or placing a foil, such as foil 203b, 
5 on top of connection member 204. 

In block 630, the staking machine is activated so that tool 401 drives 
downward and forces the foil and the connection member together between hardened 
surface 402 and staking pin 505. 

The micro-staking process resuUs in the micro-staked weld joints 301a and 

10 301b as shown in Figure 3. As described above, in one embodiment, these welds are 
relatively close to edge 303 of the anode. Thus, a relatively small connection member 
can be used and a relatively small notch can be used in the notched anode, such as 
anode 203a. This increases the capacitive surface area of the anode without increasing 
the volume of the capacitor itself, thus increasing its energy density. 

15 Referring again to Figure 3, each anode foil 203a-203c of multi-anode stack 

203 is interconnected to the other foils 203a-203c of multi-anode stack 203 at a stake 
weld joint 302a. In one embodiment, foil-to- foil joint 302a has a diameter 302d of 
approximately 0.025" (0.635 mm). In some embodiments, joint diameter 302d is less 
than approximately 0.060" (1.524 mm). In various embodiments, joint diameter 302d 

20 ranges from approximately 0.015" (0.381 mm) to less than approximately 0.060" 
(1.524 mm). 

Figure 9A shows a cross-sectional view of the foil connection of anode stack 
203. Foils 203a-203c are connected by foil-to-foil weld 302a and tab 204 is attached 
to anode 203b by weld 301b. In various embodiments, foils 203a-203c are different 
25 types of etched foils. For example, in one embodiment, all three foils 203a-203c are 
tunnel-etched foils. In another embodiment, at least one of the foils, for example, foil 
203b is a core-etched foil or a perforated core-etched foil. Other embodiments present 
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other permutations of foils. The present joining method is able to successfully join 

various permutation of materials, thus permitting capacitor manufacturers to design the 

capacitor with fewer material limitations. 

Figure 9B shows a cross-sectional view of portions of capacitor stack 102. In 
5 the portion shown, capacitor stack 102 includes anode stacks 203a-203c. Between 

each anode stack is separator 202 and cathode 201. Each anode stack is joined by 

respective stake welds 302a-302c. In the exemplary capacitor stack, each stake weld 

302a-302c of each anode stack 203a-203c is in a different location relative to the 

major surface of each anode stack. This staggered arrangement of welds provides that 
10 the bulges created at any single weld 302a-302c do not cumulate along any single 

point or vertical line in the capacitor stack. This staggered arrangement helps reduce 

the overall thickness of capacitor stack 102. 

Figure 10 shows a staking tool 701 for staking foils 203a-203c together 

according to one embodiment of the present invention. In one embodiment, a staking 
15 machine such as described in Figure 4 is used. Alternatively, other cold welding 

machines, pneumatic presses, hydraulic, air over hydraulic, or electric solenoid 

machines are used to perform the staking process. 

In some embodiments, such as when the staking machine is hand-operated, tool 

701 is driven to a displacement of 0.001" (0.0254 mm) from the hardened surface of 
20 the staking machine when the staking is being done. In some embodiments, such as 

when pneumatic, hydraulic, air over hydraulic, or electric solenoid presses are used, 

tool 701 is driven under a force of approximately 100 pounds to 1000 pounds until it 

bottoms out or until a pre-determined displacement is reached. 

In one embodiment, tool 701 is machined from a stainless steel or a tool steel. 
25 Tool 701 includes a first end 702 for mounting to a collet in a staking machine and a 

second end 704 for making the foil-to-foil staked joints. End 704 includes a stake pin 

705 having a tip 706. 
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In one embodiment, pin 705 has a generally frusto-conical shape rising at an 
angle a of approximately 30*^. The exemplary pin has a circular cross-section. Pin 
705 can also have an oval, diamond, elliptical, rectangular, or square shaped cross- 
section. Pin 705 has a diameter of approximately 0.025" (0.635 mm) at tip 706. 
5 Alternatively, in some embodiments, tip 706 is less than approximately 0.060" (L524 
mm). In various embodiments, tip 706 ranges from approximately 0.015" (0.381 mm) 
to less than approximately 0.060" (1 .524 mm). In one embodiment, the tip of pin 705 
has a flat surface. However, in other embodiments, the tip is domed, convex, concave, 
rounded, or may have a plurality of angles. 

10 Figure 1 1 shows a flowchart of one example of a method 700 of assembling 

two or more anode foils, such as anodes 203a-203c. In one method, three anodes are 
joined. In other embodiments two, three, four, or more foils are joined using the 
method. In some embodiments, method 700 joins a stack of foils which includes one 
or more core-etched foils. However, in various other embodiments, method 700 joins 

15 a stack comprising only tunnel-etched foils. 

Method 700 includes process blocks 710-730. Block 710 entails setting a 
staking tool; block 720 entails stacking foils; and block 730 entails forcing the foils 
together. In one embodiment, a staking machine such as machine 400 having 
hardened surface 402, and a staking tool such as tool 701 having staking pin 705 are 

20 used to perform the method. 

Block 710 includes setting staking pin 705 so that there is an approximately 
0.001" (0.0254 mm) clearance or displacement between hardened surface 402 and pin 
705 when the tool is in its lowest or terminal position. Typically this is done when the 
staking machine is a hand-operated press. 

25 In some embodiments, block 710 is omitted. For instance, as noted above, 

pneumatic, hydraulic, air over hydraulic, electric solenoid, electric driver, or other 
actuation means can be used to activate tool 701. In these embodiments, tool 701 is 
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set to be driven under a force of approximately 100 pounds to 1000 pounds until it 
bottoms out or until a pre-determined displacement is reached. 

Block 720 includes placing a first foil, for instance foil 203c, on hardened 
surface 402 and stacking or placing one or more foils, such as foils 203b and 203a, on 
5 top of foil 203c so that the major surfaces of adjacent foils are in contact with each 
other and the foils are stacked in a dimension perpendicular to a major surface of each 
of the foils. After block 720, foil stack 203 is positioned between hardened surface 
402 and staking tool 701. In some embodiments, two, three, four or more foils are 
stacked on the hardened surface. 

10 hi block 730, the staking machine is activated so that tool 701 drives 

downward and forces the anode foils between hardened surface 402 and staking pin 
705. In one method, the tool is driven until a displacement of 0.001" (0.0254 mm) 
between hardened surface 402 and pin 705 is reached. Alternatively, as noted above, 
if pneumatic, hydraulic, air over hydraulic, electric solenoid, electric driver, or other 

15 actuation means are used to activate tool 701, the tool is set to be driven under a force 
of approximately 100 pounds to 1000 pounds until it bottoms out or until a pre- 
determined displacement is reached. One embodiment of staking method 700 results 
in the weld joint 302a as shown in Figure 3. 

Among other advantages of the present method, since joint 302a is small, a 

20 more brittle foil can be used and this increases the capacitive surface area of the anode 
without increasing the volume of the capacitor itself, thus increasing its energy 
density. Also, a wide variety of foil types can be staked together. 

In one embodiment, tab or connection member 204 is staked or micro-staked to 
anode 203b before the foils 203a-203c are staked together by method 700. Attaching 

25 the connection member to only one foil decreases the chance of the highly etched and 
brittle foil cracking under the stress of the weld. This allows use of foils with greater 
degrees of etching and thus, smaller volume capacitors. 
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In assembling capacitor 100, one example method includes assembling two or 
more anode stacks 203 by method 700. In one embodiment, each anode stack of 
capacitor 100 has a respective weld 302a-302c in a different location relative to the 
major surface of the anode stacks. The two or more anode stacks are assembled into 
5 capacitor elements 105a-105n. Each anode tab 204 of each element 105a-105n is 
connected to each adjacent anode tab 204. In one embodiment, the connection 
members 204 are connected to each other by a method called edge-welding. In other 
embodiments, the tabs are connected by staking, laser welding, ultrasonic welding, or 
other methods. 

10 Figure 12 shows a connection member-to-connection member connection 

according to one embodiment of the present invention. In the partial view shown, each 
capacitor element 105a-105d has a respective tab or connection member 204a-204d 
attached to it by an attachment method. In one embodiment, micro-staking is used to 
connect the connection members. In one embodiment, each connection member 204a- 

15 204d is approximately 0.004" (0.1016 mm) thick to fill the notch of anode foil 203a, 
which is 0.004" (0.1016 mm) thick. In other embodiments, the anode foil and the 
cathode and paper assembly have different thicknesses and so does the connection 
member. In some embodiments, anode 203a is not notched and each connection 
member 204a-204d is sandwiched between a pair of foils. 

20 Each connection member 204a-204d is positioned so that an exposed front end 

face 810 of each connection member is flush with the exposed front end faces of its 
neighboring connection members, forming a flat frontal surface area. In some 
embodiments, the end faces 810 are cut to be flush with each other. The exposed face 
or surface of each connection member is the surface or face of the connection member 

25 that is open or revealed on the outside of capacitor stack 102. 

Each connection member 204a-204d is connected to its neighboring connection 
members along their respective front faces 810. Three different embodiments of edge 
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connections 801 are shown. Connections 801 include a laser seam edge-weld 801a, a 
wire bonded connection 801b, and a laser cross-wise edge-weld 801c. However, in the 
present embodiment only one need be used at any given time. In one embodiment (not 
shown), edge connection 801 is provided by an ultrasonic edge weld. 
5 In one embodiment, laser edge-weld 801a is provided by a Lumonics JK702 

Nd-YAG laser welder using settings of approximately 1 .4 Joules at a frequency of 100 
hertz. The laser power is approximately 110 Watts, the pulse height is approximately 
22%, and the pulse width is approximately 1.4 msec. In various embodiments, the 
pulse width ranges from about 1.0 ms to about 2.5 ms and the energy level ranges from 

10 about 0.8 J to about 2.0 J. In the present process, the connection members are held 
together in a vice, and the laser beam diameter is approximately 0.01 1 " (0.279 mm). 
The laser beam is applied along the edge of connection members 204a-204d in a 
longitudinal manner incrementing to the left or to the right. Alternatively, other 
welding pattems are used to edge-weld connection members 204a-204d. In some 

1 5 embodiments, the connection members are welded along the horizontal axis, 

perpendicular to the edges of the connection members 204a-204d. (As shown in cross- 
wise edge-weld 801c). 

Edge-connecting connection members 204a, 204b, 204c, and 204d to each 
other provides a better electrical connection than crimping them together. Moreover, 

20 edge-connection 801 creates a substantially flat, front surface area on the end of the 
connection members for attachment of a feedthrough terminal or a ribbon connection 
member (not shown). 

Figures 13-15 show other embodiments of various connection member 
structures and anode layouts that are used for edge-connecting as shown in Figure 12. 

25 In each embodiment shown, anode foils 203a-203c each have a thickness of 0.004" 
(0.1016 mm) and each cathode 202 and paper separator 201 layer has a combined 
thickness of 0.002" (0.0508 mm). These thicknesses are exemplary and for the 
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purpose of describing the various exemplary connection member structures. In some 
embodiments, the various structures and features of Figures 12-15 are combined with 
each other. 

Figure 13 shows one embodiment in which each capacitor element 105 
5 includes two notched anodes, anode 203a on the top of the stack and anode 203c on 
the bottom of the stack and an un-notched middle anode 203b. Some embodiments 
include two or more top, bottom, and middle anodes. When two or more elements 
(such as elements 105c and 105d) are stacked, the notch of top anode 203a of lower 
element 105c and the notch of bottom anode 203c of upper element 105d define a 
10 major notch 920. Each major notch, such as major notch 920, receives connection 
members 904a, 904b, and 904c so that the connection members do not cause a bulge in 
the anode stack. Each capacitor element 105a- 105c has respective connection member 
904a-904c attached to it by micro-staking or other attachment method at respective 
joints 91 la-911c. 

15 In this embodiment, each connection member 904a-904c is block-shaped and 

has a height 904h of approximately 0.014" (0.3556 mm) . This allows each connection 
member to fill the space created by the 0.004" (0.1016 mm) anodes and the 0.0012" 
(0.0305 mm) cathode 201, and by separators 202. In other embodiments, different 
thicknesses of anodes, cathodes, paper, and connection members are used. 

20 In one embodiment, each connection member 904a-904c includes four faces 

910, 912, 913, and 914. In one embodiment, adjacent faces (such as 912 and 913) are 
perpendicular to each other. In some embodiments, other angles and shapes are used. 
Back face 913 abuts or confironts the edge face of top anode 203a of lower capacitor 
element 105c and the edge face of bottom anode 203c of upper element 105d. Top 

25 and bottom faces 912 and 914 abut the major surfaces of adjacent middle anodes 203b. 
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Each connection member 904a-904c is positioned and sized to fit within the 
notches of anodes 203a and 203c so that there is no overhang of the connection 
member over the edge of the anodes (in one embodiment, each connection member is 
0.050" (1.27 mm) deep) and so that the exposed front face 910 of each connection 
5 member is substantially flush and evenly aligned and substantially co-planar with its 
neighboring connection members and with the edge of anode 203b, forming a flat 
frontal surface area. This flat surface provides an excellent surface for performing 
laser edge-welding or other edge-connecting. 

Each connection member 904a-904c is edge-connected to its neighboring 

10 connection members at their respective exposed front faces 910a-910c. Since there is 
no need to squeeze connection members 904a-904c together before they are edge- 
connected, less stress is put on the connections 911a-91 Ic. 

Figure 14 shows one embodiment in which each capacitor element 105 
includes one notched anode 203a for receiving connection members 1001a and 1001b 

15 without causing a bulge in anode stack 203. Each capacitor element 105 a and 105b 
has respective connection member 1001a and 1001b attached to it by micro-staking or 
other attaching method at a weld joint 1010. 

In this embodiment, each connection member 1001a and 1001b is a bracket- 
shaped member and includes a cut-out section 1002, which gives connection members 

20 1001a and 1001b a stepped-shaped or L-shaped body having two surfaces at right 
angles to each other. The L-shaped body includes a first section 1003 and a second, 
thicker section 1004. First section 1003 provides a generally planar surface 1020 for 
attaching to a major surface 1021 of anode 203b, while an upper face of section 1003 
abuts the lower major surface of anode 203c. Section 1003 includes a back face 1022 

25 which abuts the edge face of anode 203a. In one embodiment, first section 1003 has a 
thickness 1003t of approximately 0.004" (0.1016 mm), which is approximately the 
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same thickness as anode 203a. Section 1003 has a length 1007t of approximately 
0.050" (1.27 mm). 

Second section 1004 provides a surface substantially perpendicular to surface 
1020 of section 1003. The inner surface or face 1009 of section 1004 overhangs and 
5 confronts the edge faces of anodes 203b and 203c. An outer face 1008 of section 1004 
provides an exposed surface for being edge-connected to its neighboring connection 
members. In one embodiment, second section 1004 has a thickness 1004t of 
approximately 0.014" (0.3556 mm), which is approximately the same thickness as the 
total thickness of anodes 203a, 203b, 203c, cathode 201, and separator 202. This 

10 provides that each connection member is flush with and abutting the next connection 
members in the capacitor and that an excellent aluminum surface is exposed for laser 
edge-welding and other edge-connecting. In one embodiment, second section 1004 
has a width 1006t of about 0.020" (0.508 mm). 

In other embodiments, the size of cut-out 1002 and the dimensions of sections 

15 1003 and 1004 of connection members 1001a and 1001b are governed by or 

proportional to the thickness of the anodes of a capacitor. In general, connection 
members 1001 are designed to permit second section 1004 to overhang and confront 
the front edge of anodes 203b and 203c and to lie flush with the next adjacent 
connection member in the capacitor. For example, in one embodiment (not shown), 

20 both anodes 203a and 203b are notched and connection member first section 1003 has 
a thickness of approximately 0.010" (0.254 mm) (thus filling the 0.010" notch) while 
second section 1004 still has a thickness of approximately 0.014" (0.3556 mm). In 
other embodiments, different sized anodes, cathodes, paper, and connection members 
are used. 

25 Each connection member 1001a and 1001b is edge-connected to its 

neighboring connection members. Since there is no need to squeeze connection 
members 1001a and 1001b together before they are edge-connected, there is less stress 
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on the connections 1010a and 1010b. Furthermore, each connection member takes up 
less overall space, thus saving space within the capacitor. 

In some embodiments, the connection members have a T-shape cross-section 
or other shapes which provide a first section for attaching to the anode foil and a 
5 second section for confronting the front edge of the foil. 

Figure 15 shows one embodiment in which each capacitor element 105 
includes two notched anodes, anode 203a on the top of the stack and anode 203c on 
the bottom of the stack, and one or more anodes 203b not having notches. Each 
capacitor element 105a-105b has a respective connection member or connection 

10 member 1 1 04a- 1 104b attached to it by micro-staking or other attaching method at 
respective weld joints 1 1 lla-11 1 lb. In one embodiment, each connection member 
1 104a-l 104b has a height 1 104h of approximately 0.004" (0.1016 mm) to 
approximately match the thickness of the anode foil. This leaves a small gap in the 
notch between the connection members. In one embodiment, each connection member 

15 has a thickness of about 0.005" (0.127 mm) so that the notch is completely filled. In 
other embodiments, differences in size, anode, cathode, paper, and connection 
members may be used without departing from the scope of the present invention. 

In this embodiment, each connection member 1 104a-l 104b is originally a flat 
strip and is wrapped around anode 203b to cover and confront the front edge of the 

20 anode foil to create a U-shaped cross-section. Alternatively, in some embodiments, 
each connection member 1 104 is originally manufactured with a U-shaped profile or 
cross section and is placed into a position as shown. 

Each connection member 1 104a- 1 104b has an inner surface 1 103 and an outer 
surface 1 105. Inner surface 1 103 includes a first section 1 108 abutting a major top 

25 surface of middle anode 203b, a second section 1110 abutting a major bottom surface 
of anode 203b, and a third section 1 109 confronting an edge face of anode 203b. 
Surface section 1 109 is substantially perpendicular to sections 1 108 and 1110, while 
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sections 1 108 and 1 109 are substantially parallel to each other. In one embodiment, 
surface 1 1 10 is attached to anode 203b. 

Each connection member 1 104 fits within the notches of anodes 203a and 203c 
so that outside surface 1 105 of each connection member is exposed and aligned with 
5 its neighboring connection members, thus forming a frontal surface area which is 
exposed for being edge-connected. 

Each connection member 1 104 is edge-connected to its neighboring 
connection members. Since there is no need to squeeze connection members 1 104a- 
1 104b together before they are edge-connected, there is less stress on the connection 

1 0 member-to-anode connection lllla-Ullb. 

Referring again to Figure 2 and as discussed above, in one embodiment anode 
foils 203a-203c are high formation voltage anode foils. In one embodiment, high 
formation voltage foils are anode foils having a formation voltage of approximately 
441 volts or greater. In one embodiment, the high voltage anode foil comprises an 

1 5 anode foil having a formation voltage between approximately 441 volts and 

approximately 600 volts. In one embodiment, the high voltage anode foil comprises 
an anode foil having a formation voltage of approximately 600 volts. In another 
embodiment, the high voltage anode foil comprises an anode foil having a formation 
voltage of approximately 600 volts to approximately 880 volts. Other embodiments 

20 include other high formation anode foils and will be discussed below. As noted above, 
some embodiments of the present invention include low and medium formation 
voltage foil. 

Figure 16 shows an enlarged perspective view of anode foil 203a according to 
one embodiment of the present invention. Anode 203a includes opposing surfaces 
25 1602 and 1604 and a set of perforations 1606p which extend through anode foil 203a 
from surface 1602 to surface 1604. Surfaces 1602 and 1604 include respective sets of 
surface cavities (or depressions) 1608 and 1610, which have generally cylindrical, 
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conical, or hemispherical shapes. However, the anode foils are not limited to any 
particular cavity form, class of cavity forms, or combination of cavity forms. For 
instance, some embodiments include a porous structure having only cavities. Some 
embodiments include only perforations. Other embodiments use tunnel-etched, core- 
5 etched, and/or perforated-core-etched foil structures, such as those shown in U.S. 

Patent Application 09/165779 (Atty Docket No. 279.066usl) entitled HIGH-ENERGY 
CAPACITORS FOR IMPLANTABLE DEFIBRILLATORS, which was discussed 
above. Other embodiments utilize other foil compositions and classes of foil 
compositions. 

10 On the major surfaces of anode foil 203a are oxide layers 1612 and 1614. 

Oxide layers 1612 and 1614 are the dielectric layers of the capacitor. The dielectric 
layer separates the anodes from the cathodes. Examples of suitable oxide layers 
include metallic oxides such as aluminum oxide (AI2O3 ). In one embodiment, layers 
1612 and 1614 have a thickness sufficient to withstand approximately 441 volts or 

15 greater. In one embodiment, layers 1612 and 1614 have a thickness sufficient to 
withstand up to 600 volts. Other embodiments withstand 600 volts to 800 volts or 
greater. In one embodiment, dielectric layers 1612 and 1614 have a thickness 
conforming to and covering the etched surface to a height of at least 540 nm. In some 
embodiments, the 'dielectric layer ranges from approximately 573 nm to approximately 

20 1200 nm. 

Figure 17 shows a flowchart of a method 1700 for preparing an anode foil for 
use in a capacitor according to one embodiment of the present invention. In block 
1702, the method includes providing an anode foil. In block 1704, the method 
includes etching the anode foil. In block 1706, the method includes forming a 
25 dielectric layer on the anode foil. 

In various embodiments, the etching of block 1704 includes core-etching the 
foil, tunnel-etching the foil, perforating the foil and combinations and permutations of 
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these techniques. In some embodiments, perforations such as perforations 1606p 
discussed above are formed using lasers, chemical etchants, or mechanical dies, for 
example. Exemplary cavities 1608 and 1610 could also be formed using lasers. Some 
embodiments tunnel-etch the foil, other embodiments provide other known methods of 
5 providing a porous or etched foil. In some embodiments, a porous anode structure is 
constructed using other roughening or etching techniques. 

In one embodiment, forming a dielectric layer comprises forming a layer of 
AI2O3 having a thickness in the range of 573 nm to 1200 nm on the anode foil 
(assuming a dielectric growth rate of 1.3 -1.5 rnnfV). In one embodiment, the 

10 dielectric layer is formed on the anode before the capacitor stack is constructed. 

In one embodiment, forming the dielectric layer includes applying a current 
through the anode and raising the voltage to the rated formation voltage. In one 
embodiment, the formation voltage is 441 volts. In other embodiments, the forming 
voltage is 450, 500, 550, 600, and 600-800 volts, and other voltages ranging from 

15 approximately 441 to approximately 800 volts or greater. The current causes a 
dielectric AI2O3 to form on the surface of the foil. Once the formation voltage is 
reached, the capacitor is held at that voltage until a leakage current stabiHzes at a pre- 
determined level. By monitoring the rising voltage and/or the leakage current, the 
oxide formation can be estimated. Once the preset voltage is reached, it plateaus, in 

20 which case a current drop ensues in order to balance the increasing resistance of oxide 
film growth. The process is complete when the current drops to a pre-specified value. 

Some embodiments combine etching and dielectric forming so that the etching 
and dielectric forming are done simultaneously. 
25 In one embodiment, method 1700 results in an aluminum anode foil having a 

formation voltage between approximately 441 volts and approximately 600 volts. In 
various embodiment, this includes a foil having a formation voltage of approximately 
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441, approximately 450, approximately 500, approximately 550, approximately 600, 
and approximately 600 volts to approximately 800 volts or greater. 

Among other advantages, the high formation anode foils described above allow 
a smaller capacitor to be used within an implantable medical device. In some 
5 embodiments, only a single capacitor is needed since it provides enough voltage to 
perform its necessary function. 

Exemplarv Embodiment of Implantable Defibrillator 
Figure 18 shows one of the many applications for capacitors incorporating one 

10 or more teachings of the present invention: an implantable medical device or 

apparatus 1800. As used herein, this includes any implantable device for providing 
therapeutic stimulus to a heart muscle. Thus, for example, the term includes 
pacemakers, defibrillators, cardioverters, congestive heart failure devices, and 
combinations and permutations thereof. 

15 Implantable medical device 1800 includes a lead system 1803, which after 

implantation electrically contact strategic portions of a patient's heart. Shown 
schematically are portions of device 1800 including a monitoring circuit 1802 for 
monitoring heart activity through one or more of the leads of lead system 1803, and a 
therapy circuit 1801 for delivering electrical energy through one or more of the leads 

20 to a heart. Device 1800 also includes an energy storage component, which includes a 
battery 1804 and incorporates at least one capacitor 1805 having one or more of the 
features of the exemplary capacitors described above. 

In addition to implantable heart monitor and other cardiac rhythm management 
devices, one or more teachings of the present invention can be incorporated into other 

25 flat capacitors, cylindrical capacitors, and capacitors for photographic flash equipment 
or other applications where high-energy, high- voltage, or space-efficient capacitors are 
desirable. 
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Conclusion 

In furtherance of the art, the inventors have devised foil structures, foil-to-foil 
connection techniques, connection member-to-connection member joining methods, 
and connection member-to-foil joining methods, and other methods and structures for 
5 a capacitor. One aspect of the present invention includes a method of joining a 
connection member to a capacitor foil using a staking tool having a tip of less than 
0.030" (0.762 mm) in diameter. Another embodiment couples multiple connection 
members of a capacitor together by edge-connecting each connection member to its 
substantially flush neighboring connection members. In one aspect, a capacitor 

10 includes a multi-anode stack connected at a first weld by a weld joint less than 0.060" 
(1.524 mm) in diameter and a tab attached to one of the anodes of the multi-anode 
stack at a second weld. In one aspect, an exemplary method joining one or more foils 
using a staking tool having a tip of less than approximately 0.060" (1 .524 mm) in 
diameter. In another aspect, a capacitor including a capacitor case having an 

15 electrolyte therein and a high formation voltage anode foil having a porous structure 
and located within the capacitor case. 

Among other advantages, the exemplary connection member-to-foil joining 
method results in a smaller than typical weld joint which permits increased anode 
brittleness and smaller foil notches. Thus, with all other capacitor factors being equal, 

20 it results in a smaller volume capacitor. Other features provide a capacitor which 
requires less space for its anode connection members and which has a more reliable 
connection member-to-connection member connection and reduced stress on the 
connection member-to-foil connection. Among other advantages, the exemplary foil- 
to-foil joining method permits increased anode brittleness and allows for different 

25 permutations of anode foils. Among other advantages, one embodiment provides the 
high voltages needed for applications such as defibrillation, while the porous foil 
structure provides for a more space efficient capacitor structure. 
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It is understood that the above description is intended to be illustrative, and not 
restrictive. Many other embodiments will be apparent to those of skill in the art upon 
reviewing the above description. The scope of the invention should, therefore, be 
determined with reference to the appended claims, along with the full scope of 
5 equivalents to which such claims are entitled. 
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